The coevolution of female mate preferences and exaggerated male traits is a fundamental prediction of many sexual selection models, but has largely defied testing due to the challenges of quantifying the sensory and cognitive bases of female preferences. We overcome this difficulty by focusing on postcopulatory sexual selection, where readily quantifiable female reproductive tract structures are capable of biasing paternity in favor of preferred sperm morphologies and thus represent a proximate mechanism of female mate choice when ejaculates from multiple males overlap within the tract. Here, we use phylogenetically controlled generalized least squares and logistic regression to test whether the evolution of female reproductive tract design might have driven the evolution of complex, multivariate sperm form in a family of aquatic beetles. The results indicate that female reproductive tracts have undergone extensive diversification in diving beetles, with remodeling of size and shape of several organs and structures being significantly associated with changes in sperm size, head shape, gains/losses of conjugation and conjugate size. Further, results of Bayesian analyses suggest that the loss of sperm conjugation is driven by elongation of the female reproductive tract. Behavioral and ultrastructural examination of sperm conjugates stored in the female tract indicates that conjugates anchor in optimal positions for fertilization. The results underscore the importance of postcopulatory sexual selection as an agent of diversification.
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ornaments | sperm competition | heteromorphism | genitalia | spermatheca D arwin attributed the evolution of many elaborate male traits to selection exerted by female mate discrimination (1) . Female choosiness remains a foundation of sexual selection theory, with most models predicting a pattern of coevolution between female preference and exaggerated male traits (2) . The role of cognition, however, renders preferences notoriously difficult to quantify, with constraints on the timing of reproduction, risks associated with mate evaluation, and environmental influences on female perception of mate quality further complicating matters (3) . Consequently, few studies have attempted to test macroevolutionary patterns of codiversification of female preference and male traits, and those that do have very limited taxon sampling (4, 5) .
As with male traits important for mate choice, some sperm attributes exhibit high levels of morphological variation within species (6, 7) and dramatic divergence among species (7) . This variation has been widely attributed to postcopulatory sexual selection (8) (9) (10) (11) , occurring whenever females mate with multiple males within a breeding cycle (12) . Experimental and comparative evidence indicates that female reproductive tract architecture can influence competitive male fertilization success and generate selection on sperm form (2, (13) (14) (15) (16) , thus representing the proximate basis of female sperm choice (17) . Reproductive tract dimensions are easily quantifiable and, because they are relatively invariant over the reproductive lifespan of a female, represent a consistent female preference unaffected by external environmental conditions.
Comparative analyses of diverse taxa [e.g., beetles (18, 19) , birds (20) , flies (21-24), mammals (25) , moths (26) , and snails (27) ] have revealed a widespread pattern of correlated morphological evolution between sperm and the female tract (but see refs. 28, 29) . These studies have primarily explored a single axis of variation: sperm length and the length of the female sperm-storage organ(s) or its duct, whereas sperm and female reproductive tracts can differ among species in a multitude of ways (7, 15) . For example, our comparative investigations of sperm form in diving beetles (Dytiscidae) have revealed an astonishing diversity including (i) total length (128-4,493 μm), (ii) head shape, (iii) flagellum length, (iv) length and head shape dimorphism (e.g., Fig. 1 B and F), and (v) conjugation (30) . Conjugation is an unusual, yet taxonomically widespread, phenomenon in which two or more sperm physically unite for motility or transport through the female reproductive tract (31) . Among diving beetle species with conjugation, the size and organization of conjugates vary greatly and include at least three distinct forms: (i) pairs (Fig. 1A) , (ii) aggregates (Fig. 1B) , and (iii) orderly stacks of sperm called rouleaux (Fig. 1 C-E) (30) . Finally, although the evolutionary origins of sperm dimorphism and conjugation are independent across the diving beetle lineage (Fig. 2) , the two character states sometimes co-occur ( Fig. 1 B and E) (30) .
Although sperm competition has not been confirmed in any species of diving beetle, several lines of evidence suggest that sexual selection has been important during the evolutionary history of this lineage and might have contributed to diversification of sperm form. First, males of some species invest heavily in sperm production (up to 13% of total body mass in Dytiscus sharpi) (32) . Second, males of numerous species display behavioral adaptations to reduce sperm competition (i.e., mate guarding and mating plugs) (32) (33) (34) (35) . Third, comparative studies have identified coevolutionary arms races between female mating resistance and male persistence traits (36, 37) , consistent with a history of polyandry. Female diving beetles have "conduit"-type reproductive tracts where sperm enter and exit through separate ducts (Fig. 2) . If females do mate multiply, such reproductive tract architecture might favor sperm that can maintain position or displace rival sperm near the site of fertilization (38) .
Here we investigate whether the evolution of female reproductive tract design might have driven the evolution of such complex sperm forms (i.e., female preference-male ornament correlated evolution) by quantifying female tract morphology for 42 species of diving beetles. We then used phylogenetically controlled generalized least squares (39) and logistic regression (40) to explore potential coevolutionary relationships with sperm form (30) . Additionally, we used Bayesian methods (41) to infer the probable sequence of sperm and female character transitions to test the prediction that changes in female preference precede those of male traits and subsequently trigger diversification of male reproductive characters.
Results
Female Reproductive Tract and Individual Sperm Traits. With the exception of the fertilization duct, we found that any of the main features of the female tract (i.e., the spermathecal duct, spermatheca, or receptacle; Fig. 2 ) may be absent or highly elaborated, with dimensions of every component varying substantially among species (e.g., spermathecal ducts; Fig. 2 and Dataset S1). Correlations between sperm and female reproductive tract traits suggest that either they are evolving in response to a common selective force or that one trait exerts selection on the other. Across the entire diving beetle lineage, the length of individual sperm was only associated with the presence of a female receptacle (an organ of unknown function that sometimes contains sperm and thus might act as a secondary sperm-storage organ, Table 1 and Fig. 2C ). Of the species possessing receptacles (n = 11), sperm length was positively correlated with the smallest dimension of the organ and negatively correlated with the largest dimension ( Table 1) . Additionally, in species where males produce two distinct types of sperm (e.g., Fig. 1 B, E, and F), both sperm morphs are transferred to females, but on the basis of findings in other insect species (23, 26, 42) , only the long morph is expected to participate in fertilization. We found that neither the presence of dimorphism, nor the length of the short sperm morph was correlated with any aspect of female morphology (P > 0.05).
We also performed separate analyses on each of the three major subclades in our phylogeny because (i) lineage-wide analyses of correlated trait evolution can obscure important relationships when these differ in direction and/or magnitude among sublineages (43), (ii) there were qualitative among-clade differences in female tract and sperm design (Fig. 2) , and (iii) there is uncertainty of evolutionary relationships in the basal branches of the diving beetle lineage (Fig. S1 ). Within clades, variation in female reproductive tract form further explained a significant amount of the interspecific variation in sperm length and head length (Table 1 ). In two of the three major clades in our phylogeny, dimensions of the spermatheca and/or fertilization duct explained 92% (clade 2) and 54% (clade 3) of the variation in sperm length. In clade 1, sperm length was associated only with body size (clade 1 shows comparatively little variation in sperm and reproductive tract dimensions relative to clades 2 and 3; e.g., sperm length ranges from 177-283 μm in clade 1 to 298-1,965 and 241-3,581 μm in clades 2 and 3, respectively; see Dataset S1). Sperm head length, width, and basal spur length were not associated with dimensions of the female tract in clades 1 and 3, but head length showed strong positive correlation with fertilization duct length in clade 2.
Conjugation and the Sequence of Transitions in Sperm and Female
Form. Similar to individual sperm morphology, correlations between conjugate form and female reproductive tracts suggest that these traits functionally interact and that one may exert selection on the other. Because the formation of rouleaux results in conjugates longer than the individual sperm they contain, we examined the relationship between conjugate length (the distance from the tip of the conjugate to the end of the tails; only differs from sperm length in clade 3) and female reproductive tract dimensions. This approach increased the variation in sperm unit length explained by spermathecal morphology to 75% in clade 3 (Table 1) . We also found a strong relationship between the total length of heads in a conjugate (distance from the first to the last sperm head in a rouleau) and both the maximum width of the spermathecal duct and body size in clade 3.
Results of logistic regression revealed that sperm conjugation was significantly explained by the presence of compact female reproductive tracts (i.e., relatively short fertilization ducts (41) of character evolution supported the regression-based results, showing strong support for correlated evolution of sperm conjugation and female reproductive tract architecture (i.e., models of correlated evolution have a greater likelihood than models of independent evolution, Bayes factor (BF) > 7). Ancestral trait reconstruction indicates the presence of sperm conjugation and compact female reproductive tracts as the basal condition in diving beetles (BF > 2). On the basis of evolutionary transition rates, the female reproductive tracts appear to change in advance of sperm form (reproductive tract 5.52 ± 3.54 > sperm 0.03 ± 2.22 changes per unit branch length ± SD) such that reproductive tract evolution elicits corresponding modification in sperm morphology (Fig. 3A) .
To determine the functional basis for correlated evolution, we examined sperm-female interactions in females. Intact, motile conjugates with their tips positioned in fertilization ducts were found in the spermatheca in 34 of 35 field-collected females among four species (Hygrotus sayi, 15/15; Nebrioporus rotundatus, 3/3; Neoporus dimidiatus, 5/5; and Neoporus undulatus, 16/17; Fig. 2 B-C and Movie S1). Furthermore, the sperm of Acilius mediatus remained paired in the spermatheca but were primarily single within the fertilization duct and tightly associated with the duct walls (Fig. 3E) , whereas sperm remained associated in rouleaux within the fertilization duct of N. undulatus (Fig. 3D) . In all species examined, individual sperm detached from conjugates only when positioned for fertilization (but see ref. 44 for an example of paired sperm dissociating within the spermatheca).
Discussion
Our results suggest female reproductive tract form drives the evolution of multivariate sperm morphology in diving beetles through physical interaction resulting in a macroevolutionary pattern of correlated evolution between dimensions of the female tract and sperm traits. Variation in sperm morphology and conjugation was significantly explained by female reproductive tract architecture, and elongation of specific components of the female reproductive tract preceded loss of sperm conjugation. Sperm heads were observed to interact with the fertilization duct pre-and postconjugate dissociation (rouleaux of N. undulatus and formerly paired sperm of A. mediatus, respectively). Additionally, the paucity of significant correlations between sperm morphology or conjugation and the presence/dimensions of the spermathecal duct suggests that selection for enhanced speed of arrival in storage has not been the primary factor influencing sperm evolution in diving beetles.
Female reproductive tract architecture can be an important determinant of the outcome of sperm competition. For example, male crickets from populations experimentally evolved to have longer sperm have no competitive fertilization advantage over males with shorter sperm within the short, round spermathecae of females (45) . By contrast, investigations with Drosophila have shown that (i) physical displacement by competitor sperm is a critical determinant of competitive fertilization success in the long, narrow female sperm-storage organ (46); (ii) longer sperm are better at displacing and resisting being displaced by shorter sperm from the proximal end of the organ closest to the site of egg fertilization (14); (iii) sperm and female tract morphology interact such that the fitness advantage to males of producing relatively long sperm increases with increasing length of narrow sperm-storage organs (13); and as a consequence, (iv) the evolution of longer sperm-storage organs drives the evolution of longer sperm (13) . The association of sperm conjugation with short fertilization ducts and round spermathecae in diving beetles would be explained if the physical structure of conjugated heads enhances anchoring within the fertilization duct. Here, rouleaux would provide a further selective advantage: those with anterior ends anchored in the fertilization duct could maintain a "queue" for fertilization despite a voluminous spermatheca. As predicted by this hypothesis, we found that individual sperm detached from conjugates only when positioned for fertilization (Fig. 3 C-E , but see ref. 44 ). On the basis of these observations, we propose that conjugation in diving beetles is an adaptation for positional advantage in the displacement-based system of sperm competition observed in many insects (47, 48) . Such interpretation, however, will remain highly speculative until detailed investigations of postcopulatory sexual selection, including the relationships between variation in sperm form, female tract form, and competitive fertilization success, are conducted in diving beetles and other taxa with diverse sperm and female reproductive tract morphology.
The inferred sequence of evolutionary transitions indicate that, whereas female reproductive tract form drives the evolution of sperm morphology, changes in sperm form do not necessarily elicit changes in female reproductive tracts. Such an evolutionary pattern might result if female reproductive tracts evolve for reasons other than sperm selection. For example, ecological factors such as patchy habitat distribution or mate availability might result in selection on females to maintain large sperm stores, potentially outweighing any fitness benefits to discrimination among stored sperm. Alternatively, female reproductive tracts might be more evolutionary labile than sperm, switching phenotypes before sperm can respond. Rapid evolution could result if female reproductive tracts are composed of multiple component traits, thereby facilitating exploration of morphospace, particularly if tracts evolve in a relatively flat fitness landscape, where many morphological variants have equivalent fitness. Consideration of fluctuating selective environments over a lineage's history might provide insight to the origin and subsequent modification of female preference in the absence of direct fitness benefits or sensory bias, one of the most perplexing questions in the study of sexual selection (2) .
Across the metazoa, sperm have diverse and often complex morphology (7). Our results show that understanding the evolutionary origin and maintenance of this variation requires consideration of the largely neglected selective environment of the female reproductive tract (15) . They further provide a general explanation for the relatively dramatic and multivariate diversification of sperm morphology in internally versus externally fertilizing species (7). Additionally, our results suggest that conjugation in diving beetles helps sperm maintain optimal positions for fertilization within the reproductive tract. Selection to increase the likelihood of sperm being present in an appropriate location for fertilization might be a generalizable principle of sperm evolution, equally applicable to internally and externally fertilizing species. When considered alongside recent studies using experimental evolution to manipulate a putative postcopulatory female preference trait to examine preference heritability, quantify preference cost, and experimentally discern the microevolutionary impact of preference shift on male trait evolution (13, 49, 50) , the present analyses illustrate the utility of shifting attention to postcopulatory sexual selection for advancing our understanding of female preference evolution and ornament-preference coevolution.
Materials and Methods
Morphological Characters. Sperm were harvested from the seminal vesicles of field-collected or alcohol-preserved specimens, DAPI or Hoechst's stained, and imaged using darkfield and epifluorescence microscopy. Female reproductive tracts were dissected from preserved specimens, processed as described by Miller (51) , and imaged using differential interference microscopy. Sperm length and female reproductive tract dimensions were Body size and dimensions of fourteen measures of female reproductive tract morphology were considered: presence/absence of a spermathecal duct; length, minimum and maximum width of the spermathecal duct; presence/absence of a receptacle; length, area, minimum and maximum width of the receptacle when present; spermathecal length, area, minimum and maximum width; and fertilization duct length. Sperm length equals that of the long sperm morph in instances of sperm dimorphism. All variables were log transformed. measured from digital images using Image J (52). To permit inference of probable evolutionary pathways of sperm and female reproductive tract coevolution, female multivariate morphology was categorized as a binary trait by examining the predicted values produced by our logistic regression equation and assigning species falling above or below the mean a value of one and zero, respectively. Total body length was used as a measure of body size. See Dataset S1 for species mean values and sample sizes.
Transmission Electron Microscopy. Reproductive tracts were dissected from wild-caught females, fixed in 2.5% glutaraldehyde and 1% tannic acid, postfixed with 1% osmium tetroxide, embedded in plastic, and sectioned with a Leica EM UC6 microtome. Sections were observed with a JEOL JSM-2000EX transmission electron microscope at 100 kV.
Phylogenetic Inference. Evolutionary relationships were inferred from partial DNA sequences of two mitochondrial (CoI and 16s) and three nuclear (H3, Wnt1, and 18s) genes (see Dataset S2 for accession numbers). Ribosomal genes were aligned using PRANK +F (53) and hypervariable regions removed using Gblocks (54); the remaining genes were aligned by eye (available from TreeBASE). Models of sequence evolution were determined using DT-ModSel (55) . Evolutionary relationships among species were inferred using MRBAYES (56) . We used uninformative priors for all of the models' parameters (i.e., MRBAYES defaults). Four independent runs of Markov chain Monte Carlo (MCMC) of 100,000,000 generations, consisting of six chains each, were used to sample phylogenetic tree space. After a burn-in period (assessed using AWTY; ref. 57) , trees are visited in proportion to their probability of being true, given the model, priors, and data and can be used to determine the posterior probability of a branching event and branch lengths. The MCMC conditions included chain heating (temperature = 0.01) with two attempted swaps between chains at each generation.
Statistical Analyses. A majority consensus tree (Fig. S1) , derived from 20,800 post burn-in trees (57) , was used to create a variance-covariance matrix to account for correlation resulting from evolutionary relationships among species. We performed separate analyses on each of the three major subclades in our phylogeny because (i) lineage-wide analyses of correlated trait evolution can obscure important relationships when these differ in direction and/or magnitude among sublineages (43), (ii) there were qualitative among-clade differences in female tract and sperm design (Fig. 2) , and (iii) uncertainty of evolutionary relationships in the basal branches of the diving beetle lineage (Fig. S1 ).
Forward and backward stepwise factor selection was used for both phylogenetic generalized least squares (39) and logistic regression (40) , with only significant explanatory variables retained in the final models. The results were robust to the assumed model of evolution (e.g., Brownian motion, stabilizing or accelerating/decelerating evolution) and produced qualitatively or quantitatively similar results regardless of the method used to generate the variance-covariance matrix from the consensus tree. To explore rates of evolutionary transitions among correlated traits and infer probable evolutionary pathways (among all three clades) we used reversiblejump Markov chain Monte Carlo (41) analyses and 1,000 post burn-in trees (available on TreeBASE). We used a β-distributed prior with its parameters seeded from uniform hyperpriors (distributions: 0-30 and 0-5) and a rate deviation of 6, which resulted in mean acceptance of 24% of the rate parameter proposals. The chain was run for 10,050,000 iterations with the first 50,000 discarded as burn-in. Each run was repeated three times to check stability of the harmonic means.
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Higginson et al. 10 .1073/pnas.1111474109 Fig. S1 . Majority consensus tree used for phylogenetically controlled generalized least squares and logistic regression analyses. The tree was derived from 20,800 post burn-in trees from four independent Markov chain Monte Carlo runs. Node values indicate the posterior probability of a branching event. Images to the Right of the tree illustrate some of the observed diversity of female reproductive tract design and sperm form (Top to Bottom row: Laccophilus maculosus, Acilius semisulcatus, Rhantus binotatus, Uvarus lacustris, Hydrovatus pustulatus, and Neoporus dimidiatus). Acilius have paired sperm. Rhantus produce variable-sized sperm aggregates. Neoporus, Uvarus, and Hydrovatus have rouleaux-type conjugation. Uniquely, sperm are single within the seminal vesicles of Laccophilus males but are similar in appearance to rouleaux within the fertilization ducts of females. Female reproductive tracts were imaged using differential interference microscopy. Sperm, with the exception of Uvarus (fluorescence microscopy of DNA-stained heads; flagella not visible), were visualized with darkfield microscopy. (Scale bars, 50 μm.)
